Introduction
Peritonitis carcinomatosa, indicating the presence of malignant cells in the peritoneal cavity, is a well-known complication of malignant disease. As a result, so-called malignant ascites develops. Malignant ascites is a debilitating condition for which no effective anti-tumor therapy is available. Frequent draining may be necessary to relieve pain and discomfort. Most studies regarding malignant ascites focus on diagnosis and treatment. In this paper, we will address the subject from a pathophysiologic perspective. First, we will review the complex microscopic anatomy and physiology of the normal peritoneal membrane. Secondly, characteristics of malignant ascites and its pathophysiology will be reviewed using Starling's equation of capillary forces. Finally, potential new treatment approaches will be suggested.
Anatomic and physiologic considerations
The analomv of the peritoneal membrane A basic principle of capillary fluid hemodynamics is the relative capillary impermeabilty to proteins while fluid and solutes are able to pass the membrane relatively easily. As a consequence, differences in protein concentrations across the capillary membrane are present and oncotic pressure differences are created, necessary to reabsorb fluid from the interstitial space, thereby limiting net capillary fluid-filtration and preventing edema formation. The anatomic properties of the capillary wall meet these physiologic requirements. The microscopic anatomy of peritoneal membrane shows, apart from the capillary endothelium and basement membrane, three distinct barriers to prevent the loss of proteins into the peritoneal cavity: the interstitial stroma, the mesothelial basement membrane and the mesothelial cells lining the peritoneum [1] . A schematic drawing is shown in Figure 1 [2] .
Following the route from the intravascular to the intraperitoneal space (Figure 1, arrow) , the endothelial cells are the first barrier encountered. Endothelial cells have an extracellular glycocalix with fixed anionic charges, which is difficult to pass for anionic macromolecules such as albumin, an important contributor to plasma oncotic pressure. Peritoneal endothelial cells are linked with tight junctions; as a result transport is transendothelial using intracellular pores [3, 4] . Endothelial cells are separated from the interstitial space by the endothelial basement membrane. The general plan for basement membranes is a core of collagen to which several different types of macromolecules are anchored. Proteoglycans present in the basement membrane con- stitute a net negative charge, which again is a selective barrier for anionic proteins. The interstitial space consists of loose connective tissue, which is composed of fibroblasts, collagen, hyaluron-acid and negatively charged macromolecules. Hyualuron-acid is able to bind a considerable amount of water, for instance edema during peritonitis. The interstitial space acts as a filter with significant resistance to diffusion of macromolecules. The submesothelial basement membrane normally appears as a continuous layer at the interstitial site of the mesothelial cells. Evidence is available that negatively charged glycosaminoglycans are also present at this site. Mesothelial cells are the last barrier to be passed. The mesothelium consists of a monolayer of flat cells with a total estimated surface of approximately two square meters. The mesothelial cells show some functional similarity to endothelial cells in that they have a glycocalix containing anionic charges and transcellular channels for macromolecular transport [5] . In short, the presence of thight junctions between the endothelial cells in the peritoneal capillaries, and the presence of negatively charged macromolecules at several extracellular sites produce an effective barrier against leakage of negatively charged molecules such as albumin from plasma to the peritoneal cavity. Thus, a basic requirement to prevent excessive fluid-filtration from the capillaries to the peritoneum is met.
The peritoneal lymphatic system
The lymphatic system collects fluid, proteins, other macromolecules and cells, to return them to systemic circulation. The smallest lymphatics consist of one layer of endothelium and drain into lymphatic capillaries. A basement membrane may be present at this level but if so, it is interrupted. The lymphatic capillary net is organized as a plexus along the submesothelial surface and drains to lymphvessels. Lymphvessels have valves and spiral-formed, smooth muscle cells and are innervated. Contractions of lymphvessels are generated by myogenic stimuli, and are at least influenced by activation of a-adrenoreceptors, temperature, calcium concentrations, and vasoactive peptides. A specialised, intriguing anatomic feature of the peritoneal lymphatic system are the so-called stomata. Stomata serve for open communications between the abdominal cavity and the submesothelial diaphragmatic lymphatics. They are supposed to play a major role in peritoneal lymphatic drainage [1] , since most intraperitoneal fluid is absorbed at this site [6] .
The mechanisms involved in lymph formation are still unclear. A hydraulic pressure theory has been proposed [7] . Normally, the interstitial pressure is negative [8] and an increase in intra-abdominal pressure will result in increased lymph production. A close correlation between fluid absorption and intra-abdominal pressure has been shown, in line with this theory [9] . Another hypothesis states that osmotic forces are dominant. This theory postulates a protein concentrating mechanism at the initial lymphatics [10] . Active transendothelial transport of albumin has been shown [11] , which could create the necessary osmotic force.
Characteristics of malignant ascites -intraperitoneal protein accumulation
Malignant ascites is characterised by positive cytology of malignant cells. Compared to ascites caused by cirrhosis, more white blood cells and a higher lactate dehydrogenase level are present [12, 13] . Interestingly, from the viewpoint of capillary hemodynamics, has been the observation that mean ascitic fluid protein-levels are high in patients with peritonitis carcinomatosa [13] , as are ascites albumin concentrations [12] [13] [14] . Furthermore, the difference between serum and ascites albumin concentration is slight. These data show intraperitoneal protein and albumin accumulation in malignant ascites and will be further reviewed as we discuss Starling's law of capillary hemodynamics.
Impaired drainage or increased production?
Fluid accumulation will occur if lymphatic drainage of the peritoneal cavity is compromised or if net filtration is increased, overwhelming lymphatic capacity. Perito-neal fluid kinetics has been extensively studied in peritoneal dialysis. In dialysis, fluid accumulation is only possible if net filtration exceeds net absorption. Net fluid-filtration is the result of the osmolality of the dialysate. The higher the osmolality, the higher the force that attracts fluid from the intravascular compartment. Interestingly, osmolality of the dialysate changes in time. Osmotically active molecules disappear through lymphatic transport and are diluted due to the attracted amount of fluid (water). An important consequence of this mechanism is a reduction in the rate of filtration in time [15] . In contrast, lymphatic drainage proceeds at a fairly constant rate of 40 ml/h during dialysis. The stomata, located at the peritoneal membrane lining the diaphragma, are the principle site of drainage [15] . Thus, the net effects on intraperitoneal fluid accumulation can be calculated from the combined effects of filtration and lymphatic transport. Also, in malignant ascites, fluid accumulation can be regarded as the result of filtration minus drainage.
There is evidence of impaired lymphatic drainage in peritonitis carcinomatosa. This was studied in mice when ascites was induced by injecting tumor cells intraperitoneally [16] . Alterations in diaphragmatic, lymphatic absorption were determined radiographically. Diaphragmatic and retrosternal lymph vessels became occluded five days after tumor cell injection. Ascites formation was evident five to seven days after injection of tumor cells. Comparable experimental data showing decreased lymphatic drainage have been produced by others [17] . Furthermore, lymphoscintigraphy showed decreased lymphatic drainage in humans [18, 19] . Together, there is fair evidence of decreased lymphatic drainage as a contributing factor in the pathogenesis of malignant ascites (Figure 2 ) [19] .
In addition to impaired lymphatic drainage, there is evidence of increased fluid production. Using radioactive isotopes, it was shown that the inflow rate of plasma into the peritoneal cavity was increased six-to sixteen-fold [20] . The pathophysiology of increased fluid production is described by Starling's law of capillary hemodynamics.
Pathophysiology -Starling's law of capillary hemodynamics
The exchange of fluid between the plasma and the interstitium is determined by the hydraulic and oncotic pressure in each compartment. The relationship between these parameters can be expressed by Starling's law [21] : In this equation, Lp is the unit permeability or porosity of the capillary wall, S is the surface area available for filtration, P cap and P, t -are the capillary and interstitial fluid hydraulic pressures, n cap and n lf are the capillary and interstitial fluid oncotic pressures, and s represents the reflection coefficient of proteins across the capillary wall (with values ranging from 0, if completely permeable, to 1 if completely impermeable) [21] . Increased capillary permeability, increased surface area available for filtration, increased hydraulic pressure difference, a decreased oncotic pressure difference or a combination of these factors could account for an increase of net filtration.
A. Increased capillary permeability:'
In peritonits carcinomatosa, increased permeability to proteins was observed in mice after intraperitoneal administration of tumor cells [16] . In another study, it was shown that a few days after intraperitoneal injection of 'Walker 256', carcinoma cells' new capillaries were observed and bloody ascites developed. Inhibition of angiogenesis with locally administered protamine prevented new capillaries from developing and also prevented the occurence of bloody ascites [22] . The coincidence of increased permeability and new vessel formation is striking. It is now well understood that a growing tumor is dependent on angiogenesis, the formation of new blood vessels [23] , Angiogenesis starts from stimulation of the endothelium, resulting in hyperpermeability of the endothelial membrane and degradation of the basement membrane and underlying stroma. The next step is the migration and proliferation of endothelial cells, and the formation of new blood vessels and capillaries [23] . Two important factors in angiogenesis are basic fibroblast growth factor (b-FGF) and vascular endothelial growth factor (VEGF) [24] . VEGF was discovered as a factor creating hyperpermeability and was initially named vascular permeability factor (VPF) [25] . In a mouse model, it was shown that small blood vessels lining the peritoneal cavity (mesentery, peritoneal wall, diaphragm) became hyperpermeable several days after intraperitoneal tumor cell injection. The development of hyperpermeable microvessels correlated with ascites VPF concentration [26] . Most tumors express VEGF [27] , including ovarian [28, 29] , gastric and colon carcinomas [30] . Recently, a study was performed confirming the presence of high VEGF concentrations in malignant ascites [31, 32] . Furthermore, malignant ascites production, but not tumor growth, was completely inhibited in mice when treated with function-blocking VEGF antibodies. When the treatment was stopped, all mice developed ascites within two weeks [33] . These positive experimental results have been confirmed by others using anti-VEGF antibodies [34, 35] , VEGF tyrosine kinase receptor inhibitors [35, 36] or exogenous soluble human VEGF receptor [37] . These data suggest that increased capillary permeability due to production of locally active substances such as VEGF, can be an important factor in the pathophysiology of malignant ascites (Figure 2) .
Malignant cells

B. Increased surface area available for filtration?
In mice, size and number of peritoneal lining microvessels and subsequently cross sectional area increased after intraperitoneal tumor cell injection [38] . The site of production of malignant ascites has also been studied in patients using plastic rings with absorbent paper, which were placed on the peritoneal tumor and tumor-free surface. The production rate of ascites of tumor-free omentum and small bowel surface was increased. The rate of fluid production from the tumor surface was also higher than the fluid production of peritoneum of the control subjects, but less outspoken. The authors concluded that "undoubtedly fluid exuded from the tumor surface but the lion's share came from the disease-free peritoneum" [20] . Thus, in malignant ascites, an increased cross sectional area of microvessels lining the peritoneal cavity has been shown in an experimental setting. In addition, it seems that in human subjects, tumor-free peritoneal surface is able to produce the surplus of fluid in malignant ascites [20] .
C. Increased hydraulic pressure difference ?
The same paper [20] reported on portal pressure in controls and in patients with ovarium cancer with or without ascites. A minor increase in portal vein pressure was observed in patients with ascites.
D. Decreased oncotic pressure difference?
In normal physiology, albumin is known to be an effective osmol that contributes to intravascular oncotic pressure, necessary to reabsorb fluid from the interstitial space. If the oncotic pressure difference decreases, reabsorbtion decreases and interstitial fluid accumulation results. In peritonitis carcinomatosa, protein accumulates intraperitoneally [12] . These intraperitoneal proteins may be partly degraded to smaller peptides and aminoacids, which could contribute to intra-abdominal oncotic pressure. This situation is comparable to peritoneal dialysis solutions containing a 5% aminoacid concentration, which are very effective in forcing ultrafiltration [15] . As the plasma to peritoneal oncotic pressure difference decreases, and even becomes negative, reabsorption into the intravascular compartment will diminish and fluid may even be 'filtrated' into the peritoneal cavity ( Figure 2) .
Thus, regarding Starling's law of capillary hemodynamics, we propose that the increased capillary permeability is essential in the pathophysiology of malignant ascites. The resulting decreased or negative oncotic pressure difference attracts fluid into the peritoneal cavity. As mentioned, decreased lymphatic transport will support intraperitoneal fluid accumulation (Figure 2 ).
Conclusion
The pathogenesis of malignant ascites is beginning to be elucidated. Decreased lymphatic absorption and increased fluid production can be identified as contributing factors of ascites formation. The increased net capillary fluid-production is due to an increase of overall capillary membrane surface, increased capillary permeability and a subsequent increase of intraperitoneal protein concentration, leading to increased intraperitoneal oncotic pressure. This sequence might be the result of biologically active peptides, produced by tumor cells such as vascular endothelial growth factor and basic fibroblast growth factor. Interference with these mediators may serve as a target in future therapeutic strategies.
Addendum
Our co-author, Dr H. J. (Jan) Keizer died shortly after this paper was submitted. Despite being very ill, Jan contributed significantly to its preparation. He was a leading senior registrar of oncology in our hospital. In addition, he intensively participated in the national and international field of clinical oncology.
